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Iron-sulfur clusters have long been recognized as important
electron-transfer centers in biological systems. More recently, nu-
merous alternative roles for Fe-S clusters have been revealed,1

including a key role in catalyzingS-adenosylmethionine (AdoMet
or SAM)-mediated radical reactions.2,3 The so-called “radical-SAM
superfamily” of enzymes now includes hundreds of probable mem-
bers,4 all of which presumably use an Fe-S cluster and AdoMet
to catalyze radical reactions. The remarkably diverse range of reac-
tions catalyzed by the Fe-S/AdoMet enzymes includes generation
of catalytically essential protein radicals,5,6 isomerization reactions,7

sulfur insertion,8,9 and DNA repair.10 Despite this diversity of
function, evidence suggests that the Fe-S/AdoMet enzymes operate
by common initial steps involving the generation of an AdoMet-
derived adenosyl radical intermediate.1,2 How this cofactor ensemble
interacts to generate an adenosyl radical intermediate remains a
central unresolved question for this class of enzymes. The three
cysteine CX3CX2C cluster binding motif common to all members
of the superfamily suggests a unique Fe site in the [4Fe-4S] cluster,
which has been presumed to interact with AdoMet to effect reduc-
tive cleavage and radical generation.2,3 Here we provide the first
direct spectroscopic evidence for such a unique iron site in the [4Fe-
4S] cluster of one of the radical-SAM enzymes, pyruvate formate-
lyase activating enzyme (PFL-AE), and we demonstrate that the
unique site plays a key role in catalysis by coordinating AdoMet.

PFL-AE generates the catalytically essential glycyl radical of
PFL.5 Anaerobically isolated PFL-AE contains a mixture of cluster
forms, including cuboidal [3Fe-4S]+ as the major cluster form, with
linear [3Fe-4S]+, [4Fe-4S]2+, and [2Fe-2S]2+ present as minor com-
ponents.11,12 Reduction of PFL-AE converts all cluster forms to
[4Fe-4S] clusters,12 which we have shown to be the catalytically
relevant cluster of PFL-AE.13 The variety of cluster forms supported
in PFL-AE, together with their conversion to [4Fe-4S] clusters under
reducing conditions, suggested a similarity to aconitase, the only
other enzyme reported to contain all these cluster forms.14 In par-
ticular, the ready accessibility of a [3Fe-4S]+ cluster suggested that
PFL-AE, like aconitase, contains a catalytically relevant unique iron
site in the [4Fe-4S] cluster.

A dual-iron-isotope (56Fe/57Fe) approach was used to demonstrate
the existence of a unique Fe site in the [4Fe-4S] of PFL-AE and
its interaction with AdoMet by Mo¨ssbauer spectroscopy. Anaero-
bically purified PFL-AE (98%56Fe) was exposed to air to generate
the paramagnetic [3Fe-4S]+ form, and gel-filtered to remove re-
leased iron.57FeII was added to reconstitute the [4Fe-4S] cluster,
and DTT was added as a reductant.15 The reconstituted enzyme
was found to be EPR silent, indicating that the [4Fe-4S] is in the
diamagnetic 2+ oxidation state.

The state of the added57Fe after cluster reconstitution was moni-
tored by Mössbauer spectroscopy. A 4.2 K Mo¨ssbauer spectrum
(Figure 1A, hashed marks) of the reconstituted enzyme shows that
70% of the added57Fe appears as a quadrupole doublet typical of
a [4Fe-4S]2+ in PFL-AE12 (solid line, Figure 1A). We estimate the
amount of57Fe incorporated in [4Fe-4S] clusters (365µM) is com-
parable to the amount of [3Fe-4S]+ (380 µM, from EPR) present
prior to addition of57Fe and DTT.16 Taken together, these data
strongly suggest that under the reconstitution conditions the [3Fe-
4S]+ cluster is converted into a [4Fe-4S]2+ cluster by selective incor-
poration of the57Fe into the fourth, unique Fe site, a process also
observed in aconitase.17 Addition of AdoMet (10 equiv) to the re-
constituted enzyme yields the Mo¨ssbauer spectrum shown in Figure
1B. The quadrupole doublet arising from the unique Fe site has
reduced in intensity while a new quadrupole doublet appears,
indicating that a portion of the unique Fe site has converted into a
new Fe species.18 This conversion is best illustrated by a difference
spectrum between A and B to eliminate contributions from Fe spe-
cies that are common to both samples (Figure 1C, B minus A,
hashed marks). The amount of the unique Fe site that converts to
the new Fe species appears as a doublet pointing upward and ac-
counts for 32% of the total57Fe in the sample, while the new Fe
species accounting for the same portion appears as a doublet point-
ing downward. In the absence of AdoMet, as expected, the quad-
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Figure 1. Mössbauer spectra of56Fe PFL-AE reconstituted with57Fe and
DTT in the absence (A) and presence (B) of AdoMet. The data (hashed
marks) were recorded at 4.2 K in a magnetic field of 50 mT applied parallel
to the γ rays. The solid line in A is the experimental spectrum of [4Fe-
4S]2+ clusters in PFL-AE normalized to 70% of the total Fe absorption of
A. The solid line in B is the spectrum of a control sample containing only
the reconstitution ingredients and AdoMet but without PFL-AE and is
normalized to 15% of the total Fe absorption of B. A difference spectrum
of B minus A is shown in C. Spectrum D is a difference spectrum of the
spectra of samples A and B recorded in a parallel field of 8 T. The solid
lines in C and D are difference spectra of theoretical simulations of the
unique Fe site with and without AdoMet using the parameters given in the
text and assuming diamagnetism.
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rupole splitting (∆EQ ) 1.12 mm/s) and isomer shift (δ ) 0.42
mm/s) are typical for Fe sites in a [4Fe-4S]2+ cluster. In the presence
of AdoMet, however, the parameters (∆EQ ) 1.15 mm/s,δ ) 0.72
mm/s) are distinct, with the unusually large isomer shift signaling
an increase of coordination number and/or binding of more ionic
ligands, suggesting coordination of the substrate AdoMet to the
unique Fe site. The solid line shown in Figure 1C is a theoretical
difference spectrum of the two doublets mentioned above.

To show that the doublets in A and B originate from Fe asso-
ciated with PFL-AE and not from Fe in solution, we obtained the
Mössbauer spectrum of a sample containing57FeII, DTT, and Ado-
Met but without PFL-AE. The spectrum, shown as a solid line in
Figure 1B and normalized to 15% of the Fe absorption, exhibits a
broad quadrupole doublet with parameters (∆EQ ) 3.38 mm/s,δ
) 0.73 mm/s) typical of a tetracoordinate FeIIS4 complex. The quad-
rupole doublets assigned to the unique Fe are not observed in the
control sample.

To demonstrate that both quadrupole doublets are due to an Fe
site that is part of a diamagnetic [4Fe-4S]2+ cluster, we have re-
corded the spectra of the reconstituted PFL-AE with and without
AdoMet in a parallel applied field of 8 T. A difference spectrum
of the two 8-T spectra is shown in Figure 1D. The solid line overlaid
with the experimental data is a theoretical difference spectrum using
the parameters obtained for the two doublets mentioned above and
assuming diamagnetism. The excellent agreement between theory
and experiment establishes unambiguously that the two doublets
are indeed arising from an Fe site associated with a diamagnetic
system. This observation also indicates that upon binding of the
substrate, the unique Fe site remains exchange coupled to the other
3 Fe atoms in the cluster.

The data presented here support the conclusion that the unique
iron site of the [4Fe-4S] is coordinated by AdoMet in the enzyme-
substrate complex. The observation that AdoMet coordinates to the
[4Fe-4S]2+ cluster prior to the injection of the reducing equivalent
required for catalysis further indicates that this coordination is a
necessary prerequisite to adenosyl radical generation. The CX3-
CX2C cluster-binding motif conserved among Fe-S/AdoMet en-
zymes suggests that a site-differentiated [4Fe-4S] cluster, as shown
here for PFL-AE, may also be conserved throughout this super-
family.

AdoMet has multiple potential coordinating atoms, including the
amino and carboxylate groups, the ribose hydroxyls, and the sulfo-
nium center. Interaction of the sulfonium with an Fe site of the
[4Fe-4S] has been suggested as the initial step in the formation of
the adenosyl radical for the radical-SAM superfamily member lysine
2,3-aminomutase (LAM). A Se X-ray absorption spectroscopic
(XAS) study of LAM showed an Fe-Se interaction of 2.7 Å be-
tween Se-Met (the cleavage product of Se-AdoMet) and an Fe of
the cluster.19 The large Mo¨ssbauer isomer shift observed in the pres-
ent work for the AdoMet-bound unique Fe site, however, disfavors
sulfur coordination. This discrepancy may reflect the different roles
played by AdoMet in the two enzymes. In PFL-AE, AdoMet is a
substrate that is irreversibly cleaved, yielding an adenosyl radical
that generates the catalytically active glycyl radical on PFL. In con-
trast, AdoMet acts as a cofactor in LAM, and is reversibly cleaved
to yield the catalytically active adenosyl radical. Also, it should be
pointed out that in the LAM XAS study, the Fe-Se interaction
observed represents an interaction of the cluster with cleaved pro-
ducts, while the unique Fe-AdoMet interaction reported here repre-
sents interaction prior to substrate cleavage.

In the case of aconitase, coordination of substrate to the unique
Fe site also results in an increase of the isomer shift (from 0.44
mm/s for the unbound state to 0.84 and 0.89 mm/s for the substrate-

bound states). This increase in isomer shift, when correlated with
X-ray crystallographic results, reflects binding of both a carboxylate
and a hydroxyl group to the Fe-S cluster.17 By analogy to aconitase,
coordination of the amino and carboxylate groups, or the ribose
hydroxyls of AdoMet to the unique site in PFL-AE would be con-
sistent with the observed increase in isomer shift. We currently
favor these possibilities, since there are precedents from model
chemistry for these binding modes for transition metals.20-22

Furthermore, these binding modes could position AdoMet in a
conformation where the sulfonium or 5′-C is in close proximity to
the [4Fe-4S] cluster. Adenosyl radical generation may then proceed
by nucleophilic attack of a coordinated cysteinate orµ3-sulfide at
the 5′-C or via direct interaction of the cluster with the sulfonium.
The data presented here are insufficient to unambiguously identify
the coordinating group(s). Further experiments are underway to
clarify the situation.
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